Non-steroidal anti-inflammatory drugs (NSAIDs) can cause dyspeptic symptoms, including abdominal pain. Gastric mucus is important as the first line of defense against luminal irritants. In the present study, we investigated whether gastric mucus secretion could influence the severity of gastric mucosal injuries or NSAID-induced dyspeptic symptoms. Fifteen Helicobacter pylori-negative, healthy males were administered two types of NSAIDs, a non-selective cyclooxygenase inhibitor, naproxen (300 mg, twice a day), or a cyclooxygenase-2-selective inhibitor, etodolac (200 mg, twice a day), for 1 week in a crossover study, with an interval of ≥ 4 weeks. Study participants underwent endoscopic examinations before and after treatment. Pentagastrin-stimulated gastric secretions were collected for 10 min during endoscopic examinations, and were analyzed for gastric acid levels (mEq/10 min) and mucus output (mg hexose/10 min). The grade of gastric mucosal injury was assessed endoscopically. Among 29 subjects who completed the crossover study, 11 individuals reported abdominal pain following the administration of naproxen or etodolac for 1 week, as judged by elevated pain scores, while 18 individuals did not report abdominal pain. The occurrence of symptoms was not associated with the type of NSAIDs administered or the occurrence of erosive injury visualized by endoscopy. Gastric mucus secretion was significantly increased in subjects without drug-induced abdominal pain (P < 0.05), whereas it was significantly reduced in those with drug-induced abdominal pain (P < 0.05). In conclusion, the occurrence of NSAID-induced abdominal pain is associated with reduced levels of gastric mucus secretion rather than the occurrence of endoscopic mucosal injury.
Introduction
Non-steroidal anti-inflammatory drugs (NSAIDs) are extensively used as effective antipyretic analgesics in the treatment of a wide spectrum of conditions and diseases, ranging from the common cold to rheumatoid arthritis. In Western countries, the use of NSAIDs is reportedly the most important cause of upper gastrointestinal (GI) injury (Lassen et al. 2006; Cai et al. 2009; Musumba et al. 2012) . A similar trend has become apparent in Japan, where the prevalence of drug-induced peptic ulcers should soon surpass that of conventional Helicobacter pylori-infected peptic ulcers (Ootani et al. 2006) . The mechanisms underlying gastroduodenal mucosal damage are not fully understood, but it has been primarily attributed to NSAID-induced suppression of mucosal prostaglandin (PG) synthesis through the inhibition of the cyclooxygenase (COX) enzyme, which is involved in the rate-limiting step in PG synthesis (Wallace 2008) .
Dyspeptic symptoms are also induced by NSAIDs, and it is well recognized that the extent and severity of endoscopic mucosal damage are not directly associated with an increased risk for dyspeptic symptoms (Larkai et al. 1987; Straus et al. 2002; Wildner-Christensen et al. 2006) . NSAID-induced dyspepsia, although not life-threatening, is an important clinical issue because it can reduce a patient's quality of life considerably (Hawkey et al. 2005) , and it could be an important cause of NSAID withdrawal (Lanas et al. 2012) .
Stimulating gastric mucus secretion is one of the most important functions of PGs because this enhances the defense of the gastroduodenal mucosa (Seidler et al. 1988; Quadros and Wilson 1991) . Gastric mucus is important as the first line of defense against noxious luminal acid by creating an unstirred layer on the mucosal surface (Allen and Flemström 2005; Laine et al. 2008; Wallace 2008) .
Numerous experimental animal studies have demonstrated that NSAID-induced upper GI mucosal damage is mediated by a reduction in the production of gastric mucus (Azuumi et al. 1980; Morris et al. 1984; Asada et al. 1990 ). However, few human studies have investigated the effects of NSAIDs on gastric mucus secretion in relation to gastric PG levels (Marcinkiewicz et al. 1996; Jaworski et al. 2005 ). There are two COX enzyme isoforms, the constitutively expressed COX-1 and the highly inducible COX-2. The anti-inflammatory benefits of NSAIDs are primarily derived from COX-2 inhibition, while COX-1 inhibition is often associated with GI toxicity. In comparison with the non-selective COX inhibitors (conventional NSAIDs), selective COX-2 inhibitors have been reported to possess a safer upper GI side-effect profile (Langman et al. 1999) . Previous studies have consistently reported that gastric PG synthesis was inhibited by selective COX-2 inhibitors, if at all, to a lesser extent compared with conventional NSAIDs (Wight et al. 2001; Hawkey et al. 2001) . In the present study involving healthy individuals, we compared the pharmacological actions of a selective NSAID, etodolac, and a non-selective NSAID, naproxen, on gastric secretory functions, including mucus secretion, to investigate whether changes in these parameters could be related to gastric mucosal damage. Moreover, we investigated the potential association of such changes in gastric secretory function with NSAID-induced dyspeptic symptoms.
Methods

Subjects
Fifteen male asymptomatic healthy subjects, all of whom were non-smokers, with a mean age of 26.7 years (range: 19-42 years), were enrolled in this study. All subjects were Helicobacter pylorinegative, as determined by the 13 C-urea breath test, and had normal endoscopic findings at the time of their inclusion into the study. None of the subjects took any drugs before they entered the study or during the study period. All subjects received naproxen sodium (300 mg twice a day) for 1 week or etodolac (200 mg twice a day) for 1 week, in a crossover format. The daily dose of each drug was chosen based on the recommended daily doses for osteoarthritis in Japan. The 2 studies were conducted in a random sequence with an interval of at least 4 weeks that comprised the drug-washout period.
During each study, endoscopic examination was performed before and after treatment, and the final dose of the drug was administered 2 h before the examination. Gastric secretory function was evaluated during each endoscopic examination using the endoscopic gastrin test (EGT) technique, and the extent of gastric mucosal injury was assessed. In addition, 3 biopsy specimens were obtained from the mucosa that appeared normal in the greater curvature of the antrum, and were immediately frozen in liquid nitrogen for subsequent measurement of the gastric PG concentration.
The study was approved by the Tohoku University School of Medicine Ethics Committee (No. 2009-165) and each subject gave written informed consent.
Evaluation of gastrointestinal symptoms
GI symptoms were assessed using the gastrointestinal symptom rating scale (GSRS) (Svedlund et al. 1988) . The GSRS contains 15 items rated on a 7-point Likert scale, where a score of 1 represents "no discomfort" and a score of 7 represents "very severe discomfort". The items are divided into 5 major GI symptoms as follows: abdominal pain, reflux, indigestion, diarrhea, and constipation. The GSRS was applied before the drugs were administered and after the study drugs had been administered for 1 week, and the scores were averaged for each major GI symptom.
Gastric aspiration using the endoscopic gastrin test technique
The details of the EGT have been reported previously (Iijima et al. 1998 (Iijima et al. , 2009 . Briefly, subjects were injected intramuscularly with pentagastrin (Sigma, St. Louis, MO, USA) at a dose of 6 µg/kg at approximately 15 min before endoscopy. After entering the stomach with the endoscope, the gastric fluid that had pooled in the stomach was aspirated and discarded. Thereafter, the newly secreted gastric fluid produced 20-30 min after the pentagastrin injection was aspirated and collected under direct visualization during the routine endoscopic examination, during which the subjects were asked not to swallow their saliva. After the collection of the gastric fluid, the endoscope was removed. The volume of gastric juice collected in the 10-min period was recorded, the sample was divided, and half of the sample was analyzed for gastric acid secretion and the other half was analyzed for gastric mucus secretion. The investigators performing the laboratory work were blinded to the subjects' medical information.
Assessment of gastric acid secretions
The H + concentration of the gastric juice was determined by titration. The acid output in the 10-min period was calculated by multiplying the volume by the H + concentration, and the EGT value was expressed as mEq/10 min. We previously determined that the EGT values correlate very well with the peak acid outputs, as determined by conventional methods (correlation coefficient = 0.92), and have a high reproducibility (coefficient of variation = 5.6%) (Iijima et al. 1998 ).
Extraction and isolation of mucin in gastric juice
The gastric juice was centrifuged at 1,500 × g for 30 min at room temperature to remove the contaminating debris. The mucin in the gastric juice samples was extracted and isolated using a previously described method. This method successfully isolates and condenses the mucin from the gastric juice without contamination by non-mucin glycoproteins, including serum-type glycoproteins. Absolute ethanol (6 mL) was added to the supernatant (2 mL) obtained from the gastric juice, thus producing a 75% ethanol concentration (v/v). The resultant suspension was maintained at 4°C overnight to complete the precipitation, after which the precipitate was collected by centrifugation (8,000 × g for 30 min at 4°C). The pellet was dissolved in distilled water (2 mL) and its hexose content was measured using the phenol-sulfuric acid method. The mucin content of the gastric juice was expressed as the amount of hexose in the solution obtained by precipitation (µg/mL). The total mucus out-put was determined by multiplying the mucin concentration by the volume of gastric juice collected during the 10-min period (Iijima et al. 2009 (Iijima et al. , 2012 .
Endoscopic evaluation of gastric mucosal injury
The grade of gastric mucosal injury was assessed based on the modified Lanza score (MLS) (Lanza et al. 1990; Iijima et al. 2011) . In the present analysis, the scoring system was based on the number of erosions and/or ulcers regardless of the presence or absence of hemorrhaging, because petechial hemorrhages are generally of little clinical significance (Feldman et al. 2001) . Thus, the gastric mucosal injuries were graded as follows: (a) Grade 0: no erosions; (b) Grade 1: 1-2 erosions localized in 1 area of the stomach; (c) Grade 2: 3-5 erosions localized in 1 area of the stomach; (d) Grade 3: 6-9 erosions localized in 1 area of the stomach, or no more than 10 lesions in 2 areas of the stomach; (e) Grade 4: erosions in 3 areas of the stomach, or no fewer than 10 lesions in the whole stomach; and (f) Grade 5: a gastric ulcer defined as a mucosal defect larger than 5 mm in diameter.
During endoscopy, more than 40 endoscopic images covering the whole area of the stomach were stored in a database, and the MLS was later graded independently by 2 endoscopists (KI and TI) who were blinded to any other information about the subjects. In cases of disagreement, a consensus was reached through joint review of the endoscopic pictures.
Measurement of gastric prostaglandin E 2 concentration
The concentration of PGE 2 in the gastric mucosa was measured in the biopsy specimens. The frozen tissue was homogenized in icecold T-PER buffer (Thermo SCIENTIFIC) and then centrifuged for 10 min at 12,000 rpm at 5°C. The supernatant of each sample was used to determine the total protein concentration using the BCA Protein Assay Kit, and to determine the PGE 2 concentration, expressed as ng/µg protein, by enzyme immunoassay using a PGE 2 kit (R&D systems) (Venerito et al. 2006) .
Statistical analysis
Given the importance of the equilibrium between aggressive and protective factors in the pathogenesis of gastric mucosal injury (Iijima et al. 2012) , we calculated the ratio of the total acid output relative to the total mucin output (acid/mucus ratio) in addition to the various gastric secretory parameters that were determined directly from the gastric aspirates. Since some of the raw data did not fit a normal distribution, continuous data as well as non-parametric data were expressed as medians (interquartile range), and the statistical significance of the differences was determined using the Wilcoxon rank sum test. A P-value of < 0.05 was considered to be statistically significant.
Results
All 15 subjects completed the study protocol without any problematic side effects. Gastric aspiration using the EGT technique yielded sufficient amounts of gastric fluid for gastric acid and mucus secretion analyses in all subjects. The data on gastric secretory function (etodolac study) from 1 subject were excluded from the analysis due to technical problems experienced with the measurement.
Comparisons between the effects of administration of naproxen and etodolac
Administration of naproxen or etodolac for 1 week induced divergent effects in terms of gastric erosive injury. The median MLS significantly increased with naproxen administration from 0 (1.0) before treatment to 4.0 (2.2) after treatment (P < 0.01). The administration of etodolac marginally increased the median MLS from 0 (1.0) before treatment to 0.5 (1.0) after treatment (P = 0.06) ( Table 1) .
Neither naproxen nor etodolac significantly affected levels of gastric acid secretion. Similarly, neither of the drugs significantly altered gastric mucus secretion, although etodolac administration induced a modest increase in gas- Gastric PGE 2 concentration (ng/µg protein) 2.2 (1.5) 0.7 (0.8) < 0.01 2.3 (1.9) 2.6 (2.9) N.S.
GSRS, gastro-intestinal symptom rating scale; MLS, modified Lanza score. All data represent median (inter-quatile range), and the statistical significance of differences the Wilcoxon rank sum test. N.S. represents P > 0.1. tric mucus secretion, which was not observed with naproxen administration (Table 1) . Consequently, the gastric acid/mucus ratio tended to decrease from 4.1 (4.5) before treatment to 2.7 (4.3) after etodolac administration (P = 0.09). Naproxen administration did not alter the gastric acid/mucus ratio (P = 0.5) (Table 1; Fig. 1) .
Administration of naproxen for 1 week significantly suppressed the gastric PGE 2 concentration from 2.2 (1.5) ng/µg protein before treatment to 0.7 (0.8) ng/µg protein after treatment (P < 0.01). Etodolac administration did not significantly alter the gastric PGE 2 concentration, which was 2.3 (1.9) ng/µg protein before treatment and 2.6 (2.9) ng/µg protein after treatment (Table 1) .
Comparison between individuals with and without elevated abdominal pain scores
Among 29 subjects who completed the crossover study, 11 subjects reported elevated abdominal pain scores following the administration of the drug for 1 week, and 18 subjects did not show elevated abdominal pain scores. The data obtained from both the naproxen and etodolac studies were considered together, and the changes in the different parameters before and after drug administration were compared between the subjects who reported elevated abdominal pain (n = 11) and those who did not report elevated abdominal pain (n = 18). The results of this analysis are presented in Table 2 .
Administration of either naproxen or etodolac tended to increase the abdominal pain scores (Table 1) . Consequen t ly, drug-induced abdominal pain developed in 6 of 15 (40%) individuals administered naproxen and 5 of 14 (36%) individuals administered etodolac (Table 2) . Further, the occurrence of endoscopic erosive injury showed a similar pattern after drug administration irrespective of the occurrence of drug-induced abdominal pain, and the MLS significantly increased in both groups (Table 2) . None theless, we found marked differences in the gastric secretory parameters between the 2 subgroups. The median gastric mucus secretion significantly increased from 1.0 (0.7) mg hexose/10 min before treatment to 1.4 (2.5) mg hexose/10 min after treatment in those individuals who did not report drug-induced abdominal pain (P < 0.05). Individuals who reported drug-induced abdominal pain showed a significant decrease in the median gastric mucus secretion from 1.8 (1.8) mg hexose/10 min to 1.4 (0.8) mg hexose/10 min (P < 0.05) ( Table 2 ; Fig. 2 ). There was no significant difference Shown are changes in gastric acid/mucus secretion ratio after 1-week administration of naproxen (n = 15) (A) and etodolac (n = 14) (B). While acid/mucus ratio was unchanged by naproxen administration (P = 0.5), the ratio tended to decrease by etodolac administration (P = 0.09). Horizontal bars represent the median values. MLS, modified Lanza score; PGE 2 , prostaglandin E 2 . All data represent median (inter-quatile range), and the statistical significance of differences the Wilcoxon rank sum test. N.S. represents P > 0.1. in the levels of gastric acid secretion before and after drug administration, regardless of the occurrence of symptoms. Consequently, the gastric acid/mucus ratio decreased in all but 2 of 18 subjects in whom abdominal pain did not develop, and the median value significantly decreased from 5.0 (3.2) before treatment to 2.2 (3.5) after treatment (P < 0.01). In contrast, the median acid/mucus ratio tended to increase from 3.4 (2.3) to 4.5 (3.2) in those with symptoms (P = 0.07) (Table 2; Fig. 3 ). Furthermore, gastric PGE 2 levels tended to reduce upon the administration of drugs, but only in those with symptoms (P = 0.05) ( Table 2 ).
Discussion
We compared two types of NSAIDs in the present study, and noted that the effects of the COX-2-selective NSAID, etodolac, on the gastric PGE 2 concentration and gastric secretory function differed in comparison with the non-selective NSAID, naproxen. In particular, etodolac tended to reduce the gastric acid/mucus ratio, resulting in less injury to the gastric lumen, which could be related to reduced gastropathy. Furthermore, by combining the data from these studies with two drugs, we found that the occurrence of symptoms was associated with decreased levels of gastric mucus secretion caused by drug administration rather than with the occurrence of endoscopic mucosal injury.
This study confirmed previous findings indicating that selective NSAIDs, such as etodolac, are less injurious to the gastric mucosa than naproxen (Laine et al. 1995; Lipscomb et al. 1995; Weideman et al. 2004 ). We also confirmed that gastric PGE 2 levels were not reduced in the subjects who were administered etodolac, whereas gastric PGE 2 levels were markedly suppressed in individuals who were administered naproxen (Lee and Dvornik 1985; Taha et al. 1990; Laine et al. 1995) . COX-1 is consecutively expressed in the physiological settings of the stomach, whereas COX-2 has little or no expression at baseline but is induced in inflamed tissue (Laine et al. 2008) . Thus, while a nonselective NSAID, naproxen inhibits both COX-1 and COX-2 resulting in a marked decrease in gastric PG contents, a COX-2 selective inhibitor, etodolac has little effect on gastric mucosal PG production in healthy volunteers. In turn, since gastric PG plays a critical role in controlling the normal mucosal defense mechanism (Wallace 2008) , the different effects of the 2 NSAIDs on the gastric mucosal PGE 2 concentrations may explain the difference observed in the Fig. 2 . Different changing patterns in total gastric mucus secretion in subjects with or without drug-induced abdominal pain.
Total mucus secretion was significantly increased by the drug administration in subjects (n = 18) without drug-induced abdominal pain (A). In contrast, it was significantly decreased by the drug administration in subjects (n = 11) with the symptoms (B). Horizontal bars represent the median values. *P < 0.05. Fig. 3 . Different changing patterns in gastric acid/mucus secretion ratio in subjects with or without drug-induced abdominal pain. Gastric acid/mucus secretion was significantly decreased by the drug administration in subjects (n = 18) without druginduced abdominal pain (A). Meanwhile, the ratio tended to increase in subjects (n = 11) with the symptoms (P = 0.07) (B). Horizontal bars represent the median values. *P < 0.01.
magnitude of gastric mucosal injury produced by the 2 drugs. Despite the marked decrease in the gastric PGE 2 concentration that followed 1 week of naproxen administration, we found no overall alteration in gastric secretory function (gastric acid or mucus secretion). Only a few studies have investigated the effects of NSAIDs on gastric mucus secretion in humans (Marcinkiewicz et al. 1996; Jaworski et al. 2005) . Of these, Jaworski et al. (2005) investigated the effects of NSAID administration on mucus secretion by obtaining gastric aspirates under pentagastrin stimulation in a manner that was similar to the technique we used in the current study, and a more reproducible condition than the fasting, basal condition. Jaworski et al. (2005) reported that the administration of naproxen for 1 week decreased the total mucin output in healthy individuals. The differences between the daily naproxen doses administered in the two studies-500 mg twice a day in the study by Jaworski et al. (2005) and 300 mg twice a day in the present study-may explain the discrepancies in the results regarding the effects of naproxen administration on gastric mucus secretion.
The effects of COX-2-selective NSAIDs on gastric secretory function in humans have not been reported previously. The present study showed that the administration of etodolac for 1 week modestly increased the secretion of gastric mucus, but it did not affect gastric acid secretion and, consequently, the gastric acid/mucus ratio tended to decrease. The observed differences in the gastric secretory function associated with the administration of naproxen and etodolac could be related to their effects on gastric PGE 2 levels, which could account for the differences in the manifestations of gastropathy noted between the 2 types of NSAIDs. However, since the change in mucus secretion and the acid/mucus ratio did not differ significantly between those individuals who had severe mucosal injury and those who did not (such as in those with MLS of ≥ 4) (data not shown), there could be other mechanisms underlying the apparent differences in the severity of the mucosal injury between individuals administered naproxen and those administered etodolac. Interestingly, a recent study reported that etodolac consists of 2 enantiomers, S-and R-etodolac, and that R-etodolac reduced HCl/ethanolinduced gastric damage in rats (Inoue et al. 2011 ). The gastroprotective effects of R-etodolac may also be associated with a modulation of the gastric secretory function.
Although it is well-recognized that dyspeptic symptoms are relatively common in users of NSAIDs (Larkai et al. 1987; Straus et al. 2002; Wildner-Christensen et al. 2006) , the clinical factors that can be associated with the development of NSAID-induced dyspepsia are largely unknown. The present findings, that NSAID-induced abdominal pain developed irrespective of the type of NSAID (naproxen and etodolac) administered or the degree of apparent endoscopic injury, were consistent with previous studies showing that both COX-2-selective NSAIDs and non-selective NSAIDs induce upper GI symptoms (Langman et al. 1999; Hawkey et al. 2005) , and that GI symptoms during the use of NSAIDs do not correlate with visible gastroduodenal injury (Larkai et al. 1987; Hollenz et al. 2006) . A well-recognized fact that pain is masked in most NSAID-induced ulcers (Skander and Ryan 1988; Taha et al. 1994 ) may also support the irrelevance of druginduced abdominal pain with gastric mucosal injury. Nonetheless, we found an intriguing association between the occurrence of NSAID-induced dyspepsia and the level of gastric mucus secretion. More specifically, gastric mucus secretion significantly decreased upon NSAID administration in subjects that developed dyspeptic symptoms, whereas it significantly increased in those with no symptoms.
Gastric mucus is important as the first line of defense against noxious luminal acid because it creates an unstirred layer on the mucosal surface and acts as a protective physical barrier (Allen and Flemström 2005; Laine et al. 2008; Wallace 2008) . Given that gastric sensory nerves terminate within the mucosal layer and transmit pain signals to the brain (Leek 1977; Holzer et al. 1991) , it is reasonable to assume that the gastric mucus layer may also shield the sensory nerve terminals within the mucosa from luminal irritants such as HCl, thus preventing the activation of intramucosal pain receptors. Considering this information along with the lack of an association between the occurrence of abdominal pain and gastric mucosal injury observed in the present study, we speculate that suppressed gastric mucus secretion across the whole stomach, as opposed to the presence of a tiny mucosal erosion, is more important in the extensive stimulation of gastric sensory nerves, thus provoking NSAID-induced abdominal pain. Interestingly, a previous study demonstrated that pepper may induce gastric pain by removing the stomach's hydrophobic lining and that bismuth subsalicylate may reduce the pain by restoring the mucus gel layers, suggesting a fundamental role of the surface hydrophobic mucus layer in limiting gastric pain (Lichtenberger et al. 1998) . In addition, a more recent study showed that rebamipide, a cytoprotective drug, had an additive effect to therapy with proton pump inhibitors in the prevention of low-dose aspirin-induced GI symptoms (Mizukami et al. 2012) . These results seem to be consistent with our present results since we previously showed that rebamipide increased gastric mucus secretion in humans (Iijima et al. 2009 ). Further studies incorporating a placebo arm are required to confirm the present association between NSAID-induced dyspepsia and gastric mucus secretion.
Another limitation of this study is that it investigated healthy individuals rather than the patient population at risk. In clinical practice, NSAID users mainly comprise elderly patients with different underlying diseases; hence, the application of the present findings from young healthy individuals to NSAID users in general should be carefully considered.
In conclusion, this study demonstrated that decreased gastric mucus secretion rather than gastric mucosal injury was associated with the occurrence of NSAID-induced abdominal pain, suggesting a pivotal role of the level of gastric mucus secretion in the etiology of NSAID-induced dyspepsia.
